The white-light F-corona arises from light scattered by circumsolar dust. Using weekly models of the eastern side of the F-corona between 5°and 24°elongation, we analyzed the elongation and time dependence of the brightness of its photometric axis. The models were constructed from STEREO-A SECCHI/HI-1 images taken between 2007 December and 2014 March. We found that the brightness profiles can be approximated by power laws, with the coefficients of the models depending upon the observer's ecliptic longitude. Their variation is not symmetric with respect to the orbital nodes of the dust plane, nor is the behavior similar in the two halves of the spacecraft orbit delimited by the line of nodes. The exponents range between −2.31 and −2.35, the former occurring when the observer is at the nodes. The asymmetry observed in the behavior of the proportionality constant is indicative of the projected center of the dust cloud being offset from the Sun's center by ∼0.4 R e . The coefficients exhibit a secular variation correlated with the location of the barycenter of the solar system. We also used the HI-1 frames obtained during STEREO-A calibration rolls to model the 360°F-corona. We found that (1) its flattening index
Introduction
Both the Fraunhofer (F) corona (Grotrian 1934) and whitelight component of the zodiacal light (ZL; e.g., Leinert 1975; arise from light from the solar photosphere being scattered by the dust in the inner solar system in orbit about the Sun. From 11 years of observations of the ZL obtained using the Zodiacal Light Photometers (ZLP; Leinert et al. 1975 ) on board the two Helios spacecraft (Porsche 1981) , Leinert et al. (1982) found that the intensity of the ZL was very stable with less than a 2% variation. Later on, from an analysis of the Helios ZLP observations, Jackson & Leinert (1985) attributed the short-term brightness variations previously observed in the data to a temporary increase of the electron content due to coronal mass ejections ejected from the Sun and transiting through the photometers. Thereafter, Leinert & Jackson (1998) found that long-term secular changes in the Helios photometer data were due to changes in the electron content along the solar cycle. More recently, Buffington et al. (2016) developed an empirical model of the visible light observations performed by the Solar Mass Ejection Imager (SMEI; Eyles et al. 2003; Jackson et al. 2004 ) from 2003 to 2011. They detected no secular trend in the ZL and suggested that if one does exist in the 8.5 yr period they examined, it cannot be greater than 0.3% (1σ; based on their absolute photometric precision of 0.25%). This is consistent with the earlier result of Leinert & Pitz (1989) , who saw no variation in the ZL but placed an upper limit of ±1.5% on a secular change in the Helios ZLP observations between 1974 and 1986. From observations of the ZLP experiment, Leinert et al. (1981) found that the radial intensity of the ZL between 0.3 and 1.0 au decreases with heliocentric distance R as - R 2.30 0.05 , where the upper and lower limits of the exponent correspond to the smallest and the largest elongations from the Sun, respectively. Koutchmy & Lamy (1985) also found a comparable radial dependence. In particular, they represented the equatorial and polar intensities against the heliocentric distances in a log-log plot and found that the functional dependence was well approximated in both cases by a linear model for over five orders of magnitude, with slopes of −2.25 and −2.47 for the equatorial and polar curves, respectively. More recently, Hahn et al. (2002) analyzed observations of the inner ZL between 3°and 30°elongation obtained by taking advantage of the occultation of the Sun by the Moon with the star-tracker cameras of the Clementine mission (Nozette et al. 1994 ; the Clementine mission was in an elliptical polar orbit about the Moon from 1994 February 19 to May 3). They found that the average intensity on the ecliptic plane falls as - R 2.45 0.05 . From the ground, one can observe a side of the ZL with the naked eye before sunrise or after sunset if the sky is dark and clear enough (see, e.g., Figure 1 in Leinert 1975 or the picture taken by Yuri Beletsky of the Las Campanas Observatory, Carnegie Institution, featured in the Astronomy Picture of the Day 1 ). The ratio of the minor axis to the major axis of the ZL, a factor normally used to estimate its flattening, increases with decreasing angular distance (elongation) from the Sun. Very few detailed measurements of the flattening of the ZL have been made, and those were before 1985. Koutchmy & Lamy (1985) , in particular, defined the flattening as  = -R R f eq pol 1, where R eq and R pol represent the lengths of the semimajor and semiminor axes, respectively. In their work, they summarized previous observations of this flattening index and modeled them as a function of the elongation all the way to 1 au. In Figure 2 from Koutchmy & Lamy (1985) , they showed that the flattening index decreases from about 0.61 at 24°elongation to about 0.32 at 4°elongation. It is interesting to note that according to their model, the flattening index is 0 (i.e., the semiminor and semimajor axes are of equal length) at the solar surface and reaches a maximum value of 1 at an elongation of about 100°from the Sun. Thus, there is still some flattening in the F-corona at the region where the F-coronal intensity becomes comparable to the K-coronal intensity at about 2 R e (e.g., van de Hulst 1950; Saito et al. 1977; Koutchmy & Lamy 1985) . In a recent paper (Stenborg & Howard 2017a , hereafter Paper I), we presented a technique to model the background intensity (i.e., a proxy of the F-coronal component) and thereby remove the K-coronal contribution (i.e., the electron-scattered component) to white-light observations of the interplanetary medium between 4°and 24°elongation. The observations analyzed in Paper I were obtained by the HI-1 Heliospheric Imager (Eyles et al. 2009 ) on board the ahead spacecraft of the STEREO mission (hereafter ST-A; Kaiser et al. 2008) . The ST-A/HI-1 instrument is one in a suite of five twin instruments comprising the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al. 2008 ) package on STEREO. In a second paper (Stenborg & Howard 2017b , hereafter Paper II), we applied the technique to estimate the F-coronal component of the ST-A/HI-1 observations from 2007 December through 2012 March and analyzed the timeaveraged behavior of the inclination i and longitude of the ascending node Ω A of the surface of symmetry of the zodiacal dust cloud as a function of elongation ò. Although we did not explicitly investigate potential time dependence in the data, the results in Paper II suggested no apparent time dependence of the orbital parameters. However, we put in evidence that the center of the dust cloud was not at the center of the Sun but offset by about 0.5 R e toward the side of the heliosphere that contained Jupiter in the time period analyzed. This offset is qualitatively in agreement with the analysis of Kelsall et al. (1998) , who modeled infrared observations of the dust cloud at 1 au and beyond obtained with the Diffuse Infrared Background Experiment (Silverberg et al. 1993 ) on board the Cosmic Background Explorer (Boggess et al. 1992; Mather 1993) . They found a center of symmetry located outside of the Sun, at a Euclidean distance of about 2.85 R e from the Sun's center. In Paper II, we attributed the plausible causes for the difference between the offset they found and ours to (1) the different regions of the dust cloud distribution being modeled, (2) the different epochs analyzed, or (3) the fact that our current estimate was derived from a 2D plot (i.e., it may be affected by projection effects), in contrast to Kelsall et al. (1998) who made a 3D analysis.
In this paper, we follow up on the investigation of the surface of symmetry of the zodiacal dust cloud between 5°and 24°elongation presented in Paper II using data from the ST-A/ HI-1 instrument. Specifically, we analyze the evolution of the brightness of the photometric axis of the white-light F-corona, namely its elongation dependence, the influence of the observer's point of view, and the potential presence of a secular variation. In addition, we take advantage of the ST-A calibration rolls (see Paper I) to derive models of almostinstantaneous 360°views of the F-corona between 5°and 24°e longation to infer further geometrical properties. These studies of the white-light F-corona are motivated by two upcoming missions: NASA's Parker Solar Probe (PSP; Fox et al. 2016) and ESA's Solar Orbiter (SO; Mueller et al. 2013 ). Both of these missions are carrying heliospheric imagers (Howard et al. 2013; Vourlidas et al. 2016) and are going to regions of the heliosphere that mankind has not entered before. In particular, the PSP mission is expected to launch in 2018 August and will be at its first perihelion of 35 R e about three months later. This is half the perihelion distance of the Helios spacecraft. At this distance, the line of sight will exclude the dust from 35 R e to 1 au, and hence we expect the observations to be obtained with the heliospheric imager on board the PSP mission (the PSP/WISPR instrument; Vourlidas et al. 2016 ) to be very different from our normal 1 au view. For instance, at the first PSP perihelion, the field of view (FOV) of WISPR will extend from 10 to 35 R e and will include the region in which dust particles would begin to evaporate (Mann et al. 2004) ; at the final perihelion of 10 R e , the FOV will extend from 2 to 10 R e , which will include the postulated dustfree region (Russell 1929) . Therefore, with this third paper of the series, we look to shed light on the properties of the F-corona as recorded from 1 au in anticipation of the unprecedented upcoming imagery of these missions. This paper is organized as follows. In Section 2, we briefly describe the two sets of observations (weekly models and calibration rolls) used and the particular methodology employed to determine the equatorial and polar axes of the 360°views of the F-corona. The results derived from the weekly models are presented in Section 3.1 (elongation and orbital dependence of the intensity profiles, east-west brightness asymmetry) and those from the calibration rolls in Section 3.2 (elongation dependence, midpoints of the eastwest and north-south photometric axes, flattening index, and overall shape of the F-corona). The discussion and interpretation of the results are carried out in Sections 4.1 and 4.2, respectively, with particular emphasis on the influence of the observer's location in the F-coronal scene. In Section 4.1.2, we explore whether a secular variation exists. Finally, we condense the main results in Section 5 and sum up the lessons learned in Section 5.1.
Observations and Methods
The locus of the maximum brightness of the F-corona (i.e., its photometric axis) between 5°and 24°elongations has been derived in Paper II for the time period between 2007 December and 2014 March using the weekly background models obtained from the individual background models of ST-A/HI-1 images. The latter were created using the technique described in Paper I. Here we used the individual determinations of the photometric axis along the time period of interest to analyze the evolution of its brightness with both elongation and time. And by means of the analysis of its brightness profile along the S/C orbit, we infer the offset of the projection of the center of symmetry of the zodiacal dust cloud.
In addition, we take advantage of the ST-A/HI-1 calibration roll sets to further examine the morphological properties of the F-corona. The calibration rolls are sets of images taken as part of the on-orbit calibration while the STEREO S/C rolls about the solar vector. Each set consists of eight images, each one taken at a distinct roll angle. The calibration rolls were designed to be used by the white-light coronagraphs of STEREO/SECCHI as a technique to obtain non-radially symmetric stray light. The off-axis FOV of the STEREO heliospheric imagers prevents their use in the same way.
However, we can still make use of the calibration rolls to obtain observational models of the F-corona all around the Sun between 4°and 24°elongation.
In this work, we use the 16 ST-A/HI-1 calibration roll sets taken over a time period of five years (see Table 1 ). The timeindependent technique we developed to compute the backgrounds of each individual ST/HI-1 image (see Paper I) allows us to estimate the intensity background of each individual image obtained during the roll maneuvers. As already demonstrated in Papers I and II, the computed intensity backgrounds of individual images can be used as a proxy of the F-corona. With these models and with the help of the WCS routines (Thompson & Wei 2010) of Solarsoft, we could create composite images depicting an almost-instantaneous 2 360°v iew of the F-corona from 4°to 24°elongation. This unprecedented view allows us to determine the brightness gradient of the photometric axes of the F-corona along two perpendicular directions (i.e., along the major and minor axes), which in turn permits the estimation of the oblateness of the F-corona as a function of elongation. In Figure 1 , we show an example of such composites, which depicts a 360°view of an estimation of the F-corona as derived from the calibration rolls taken on 2009 March 10.
In Figure 2 , we show, in green, several isocontour levels (isophotes) for each F-corona model obtained from the calibration rolls. These isocontours mark the isophotes used for the determination of the respective axes. The derived axes are shown with the two mutually perpendicular continuous black lines (see Section 2.1). The small circles point to the intersection between the axes and the corresponding isophotes (in red and blue for positive and negative elongations, respectively). These locations will be used in Section 3.2.3 to estimate the flattening index of the F-corona, i.e., a measurement of its oblateness.
All of the background models used in this work have been constructed from calibrated images (in units of mean solar brightness,  B ). Image calibration was performed using the "secchi_prep.pro" routine of Solarsoft, which implements the calibration procedure established in Bewsher et al. (2010 Bewsher et al. ( , 2012 . Briefly, they used the transit of stars to determine the flatfield correction, the photometric calibration, and the pointspread function. Bewsher et al. (2012) found no long-term degradation in the calibration coefficient after the first four years of the mission (variation in the calibration coefficient over the four years <1%).
Determination of the Major and Minor Axes of the F-corona from the Calibration Rolls
For each 360°view of the F-corona from each calibration roll set, we first made an estimate of the location of the major axis of symmetry. The procedure is as follows:
, ]) of the noses on both sides of the Sun of the seven isophotes on each calibration roll set
16; 1 7; east, west) and (2) robustfitted a straight line to all the measurements on any given roll maneuver set using the "robust_linefit" routine of Solarsoft. The robust fitting ensures that bad measurements, i.e., outliers, are excluded from the computation and hence do not bias the resulting model. The location of the noses was computed by (1) determining the coordinates of the two most extreme opposite points of each isophote I k j , then (2) fitting a seconddegree polynomial to the corresponding isophote location values in a small region centered at each point, and finally,
of the vertex of the resulting parabolas.
The background model of each individual frame is much more affected by the residuals (e.g., contamination by the galactic plane, big planetary objects, etc.; for a detailed account of the limitations of the background determination, the reader is Note.The S/C longitude (HAE) corresponds to the average time of the first frame of the corresponding roll set. referred to Paper II) than the weekly backgrounds constructed and used in Paper II. With the approach described above, we considered any potential east-west asymmetry that could be reflected in the measurements as a result of noise (hence the fitting of the measurements to each side of the Sun as a whole).
For the same reasons, we disregarded any departure from linearity in modeling the shape of the major symmetry axis. Note that to first approximation, this is in disagreement with our results in Paper II, where we showed that the photometric axis of the F-corona between 5°and 24°elongation is not linear but curved, which points to a warped plane of symmetry of the zodiacal dust cloud. The effects of this approximation will be discussed in Section 4.2.
For the present analysis, we defined the minor axis of the F-corona as the perpendicular to the corresponding major axis that passes through its midpoint [X Y ,
0 , we first need to estimate the coordinates of the midpoint of the major axis of each contour as
Since the calculation of the midpoint involves the addition of two quantities of opposite sign, the resulting relative error gets amplified. Therefore, to minimize the inherent spread of both derived sets, we first robust-fitted a second-degree polynomial Figure 2 . Sample of isocontour levels (green and black superelliptical curves) of the F-corona as modeled from the 16 ST-A/HI-1 calibration roll sets in Table 1 . The two mutually perpendicular continuous black lines depict the major and minor axes. The red and blue circles mark the intersection of the isocontours considered for analysis and the respective semi-axes (positive and negative elongations, respectively).
and then used the modeled values (instead of the raw measurements) in Equation (1) as the estimate of the respective noses of the contours. For illustration purposes, we show in Figure 3 the raw coordinates of the noses of each contour derived for a calibration roll sample taken on 2007 December 20 (x-coordinates in red, left axis; y-coordinates in light blue, right axis) along with the modeled measurements (in green and blue, respectively). Note that in the scale chosen for representation in the figure, the modeled measurements are superposed onto the raw measurements, making it difficult to distinguish them.
Finally, to define the midpoint [ ] X Y , k k 0 0 of the major axis at each calibration roll, we used Equation (2). Namely, we simply averaged the individual determinations (Equation (1)), in spite of any potential dependence on elongation that could exhibit any set of midpoints, i.e., either
Note that the procedure described here to determine the nose of the isophote(s) along the major axis is different from the corresponding method devised for Paper II. Briefly, the approach presented here exploits the near-simultaneous view of both sides of the Sun to better deal with the noisier nature of the background models of each individual frame of the calibration rolls.
Results
As already mentioned, for this work, we have utilized two different data sets from the ST-A/HI-1 mission, namely (1) the weekly observations of the eastern portion of the F-corona as derived in Paper II and (2) the occasional calibration roll sets of the STEREO-A spacecraft. For both convenience and the sake of clarity, we present here the results derived directly from the analysis, independently for each data set and without elaborating on their meaning and/or interpretation (the discussion of the results is deferred to Section 4). For each photometric axis of the weekly models derived in Paper II, we plotted (not shown here) its intensity as a function of the absolute value of the elongation in a -log log 10 10
representation. We noticed that each intensity profile can be well represented by a straight line, in agreement with the model of Koutchmy & Lamy (1985) . For illustration purposes, we show on the left axis of Figure 4 one randomly selected intensity profile (depicted with a black continuous line). The linear relationship between the log 10 of the two quantities (i.e., intensity and elongation) allows us to assert that the F-coronal brightness, at least along the photometric axis, can be approximated by a power law within the elongation range studied (i.e., =´-I C R N , N being the so-called scaling exponent, and C a proportionality constant).
To determine the corresponding scaling exponents, we simply robust-fitted a straight line to the -log log 10 10 representation of each photometric axis intensity as a function of the absolute value of the elongation (
) and recorded the slope and y intercepts of each fit (see, e.g., the continuous red line in Figure 4 ). The absolute value of the slopes are the scaling exponents N i , and the y intercepts (hereafter b i ) are related to the proportionality constants as = C 10 i b i . In the right axis of Figure 4 , we show in a linear scale the evolution (in elongation) of the percentage relative error for the case illustrated (error with negative sign indicates that the measured intensity is bigger than the modeled intensity and vice versa).
The top row of Figure 5 shows the slopes m i (left panel), y-intercepts b i (middle panel), and corresponding ratios m i /b i (right panel) resulting from the robust, linear fit to the intensity of each photometric axis as a function of the S/C longitude in the HAE (Heliospheric Aries Ecliptic) system. Note that the x-axis is shifted in the three plots (the 0°longitude is pointed out by the vertical black line) to better appreciate the differences/ similarities between the two parts of the S/C orbit delimited by the line of nodes (vertical dashed lines) as derived in Paper II in the elongation range between   < <  | | 13 24 . In the right axis of the plots in the left (slopes) and middle (y-intercepts) panels, we display the standard deviation of the corresponding parameters of the fittings. These standard deviations are very low and hence corroborate how well the data can be approximated by a power-law function.
In the top-left panel of Figure 5 , we note that the distribution of the slopes peaks near the longitude of the descending node Ω D (≈262°). A similar effect, albeit much larger, is observed near the ascending node Ω A (≈82°). The peculiar distribution of the slope measurements at these longitudes is accompanied by corresponding, relatively abrupt, changes of the trend exhibited by the distribution of y-intercept measurements near these longitudes (see the top middle panel of the figure) . The larger size of the peaks observed in both panels near the longitude of the ascending node is the result of a remnant, spurious signal arising from the transit of the Milky Way across the FOV of the instrument during that part of the S/C orbit (see Paper II). This hindrance conceals the more subtle elongation-dependent effect observed from the descending node. Therefore, we will hereafter exclude the analysis of the measurements near Ω A . With that in mind, we computed the 2σ resistant mean of the y-intercepts in the Figure 5 , respectively. The indicated error is an overestimation of the actual error of the coefficients, which was too small to be seen on this plot. Rather, we chose to estimate the error as the average spread of the measurements around the resistant mean (see Section 4.1). Both the light blue and green points depict the 2σ-trimmed observations used to compute the resistant-mean values on each side of the orbit.
The non-zero difference of these values reveals an east-west brightness asymmetry of the F-corona. We conjecture that this brightness asymmetry is due to the center of symmetry of the dust cloud being off the Sun's center. By exploiting this difference, we can therefore estimate the average offset of the dust cloud with respect to the Sun's center as projected in a plane perpendicular to the line of nodes. Under the assumption that the rate of change with elongation of the intensity profile of the photometric axis of the F-corona should be the same on both sides of the line of nodes if measured with respect to the center of symmetry of the dust cloud, the procedure to find the offset is straightforward. Namely, we look for the value of Δ ò that makes the mean of
24 . The symbols m D and b D denote the slope at the longitude of the descending node (m D =−2.315, as estimated from the plot in the top-left panel of Figure 5 ) and the expected y-intercept at that location (b D =2.395, by assuming
), respectively. We found Δ ò =−0°.11 ±0°.01 (i.e., around −0.41±0.04 R e ).
At this point, it is worth noticing that the two free parameters (m i and b i ) of the linear models proposed are not orthogonal to each other (i.e., they are not independent from one another) and hence crosstalk between them exists. Therefore, to facilitate the interpretation of the results, we plotted in the top-right panel of i . Despite the non-physical meaning of R i , by using only this parameter, we avoid dealing with the undesired effects of the interdependence between m i and b i , and thus, it allows us to perform an unbiased analysis. The plot clearly shows that the intensity profile of the photometric axis evolves as the S/C moves along the orbit, but (1) it does it differently when the S/C either approaches or recedes from the nodes, and (2) it progresses in a slightly different way on each side of the S/C orbit as delimited by the line of nodes. The inset labels at the top of the blue and red dashed lines indicate landmark longitudes of the S/C that will be used later to help interpret the shape of the distribution. 
18 (blue dots), and
14 (red dots). The two vertical dashed lines depict the longitude of the nodes of the dust cloud surface as derived in PaperII considering the elongation range   < <  | | 13 2 4. The vertical lines in the top-right panel mark landmark longitudes of the S/C used to facilitate discussion (for details, see the text).
This result is an unambiguous indication of how the orientation and inclination of the surface of symmetry of the dust cloud relative to the observer's viewpoint affects the F-corona brightness observed (see Section 4.1).
At the beginning of this section, we mentioned that the -log log 10 10 representation of the intensity versus elongation follows, to first order, a straight line. The slight departure from true linearity was illustrated, for one randomly selected case, in Figure 4 (note in particular the percentage relative error). In the bottom panel of Figure 5 , we plotted the slopes m i (left panel), y-intercepts b i (middle panel), and corresponding ratios m i /b i (right panel) as obtained from robust, linear fittings to the data in restricted elongation ranges (
24 in green). The systematic variation observed when using different elongation ranges corroborates the fact that a linear model in the   < <  | | 5 24 elongation range is only valid to first order. We defer the discussion and significance of these results to Section 4.1.
For completeness and to help understand the influence of the observer's point of view on the intensity profile of the photometric axis, we plot in Figure 6 the ratios
(as obtained from the analysis in the whole elongation range, i.e.,
24 ) as a function of the S/C latitude. The values of R i obtained as the S/C transits from the ascending node Ω A to the ascending node Ω D are shown in light blue. Likewise, the orange dots denote the corresponding values obtained in the other half of the orbit (from Ω D to Ω A ). The vertical lines (and corresponding inset labels) point out the longitude of the S/C at particular times to indicate the direction of movement of the S/C and help interpret the plot (see also the top-right panel in Figure 5 ). A comprehensive discussion of these results will be carried out in Section 4.1.1.
Results Derived from the Calibration Roll Sets

Intensity Profile of the East-West and North-South Photometric
Axes of the F-corona
The calibration roll sets provide an almost-instantaneous view of the 360°F-corona (Section 2). This enables the analysis of the intensity profile along both its semimajor (both east and west) and semiminor (both north and south) axes. (The methodology employed, along with the underlying assumptions, to derive the major and minor axes has been described in Section 2.1).
With the caveats mentioned at the beginning of Section 2.1 in mind, we plotted (not shown here) the -log log 10 10
representation of the intensity versus elongation for the four cardinal directions determined by the two axes (i.e., west, east, north, and south) and noticed the linear relationship between intensity and elongation already observed in the analysis of the weekly backgrounds (Section 3.1.1). We therefore robust-fitted a linear model to the intensities along each cardinal direction and recorded the coefficients (slope and y-intercept) of each fit.
The results are summarized in Figure 7 , with the slopes represented in the left panel and the y-intercepts in the right panel, both as a function of the average S/C longitude in the HAE system during the time of the respective roll. The black and red circles mark the coefficients computed from the fit of the intensity profiles along the semimajor axes on the east and west, respectively. Likewise, the blue and green circles mark the coefficients computed from the fit of the intensity profiles along the semiminor axes on the north and south, respectively. The corresponding resistant means for each half of the orbit are delineated with the horizontal lines (same color code). The dashed vertical lines point to the location of the ascending and descending nodes of the Zodiacal dust plane as derived in Paper II from the measurements restricted to the elongation range
1 3. We note that, within the observational error, the mean values of the intensity profiles along the semimajor axes do not exhibit a dependence on the observing point (both halves of the orbit, as delimited by the line of nodes, show similar slopes and y-intercepts). There is, however, a clear asymmetry between the intensity profile along the eastern and western lobes (as indicated by the different slopes). This intensity asymmetry is the same regardless of the observing point and leads to an offset of the midpoint of the major axis of the F-corona (see Section 3.2.2) always toward the same side.
On the other hand, the mean values of the intensity profiles along the north and south semiminor axes show a clear dependence on which half of the orbit the F-corona is being observed from. Note that the green circles are either above or below the blue circles depending upon the location of the S/C in its orbit with respect to the line of nodes. As already mentioned in Section 3.1.1, the crosstalk between the coefficients of the model can obscure the interpretation of the dependence of the intensity profile on the observing point. Therefore, to avoid dealing with the effects of the crosstalk, we plot in Figure 8 the ratio between the slope and y-intercepts of the linear models of the intensity profiles in the north-south direction. In this way, the interpretation of the results gets facilitated by having only one parameter. In this representation, we clearly observe how the intensity profile depends upon the observing point. This asymmetry leads to an offset of the F-corona in the north-south direction. The sign of the offset will depend on which half of the orbit the F-corona is being observed from (see Section 3.2.2).
Midpoint of the East-West and North-South Photometric Axes of the F-corona
In Section 2.1, we described the procedure to estimate the average location of the midpoint of the major axis of the F-corona (Equation (2)), which we implicitly considered to be the geometric center when we forced the minor axis to cross the major axis at this point. This strategy, although convenient for obtaining the results presented in Section 3.2.1, (1) blurs out any prospective/systematic variation that could exist as a function of elongation in the east-west direction (i.e., along the major axis) and (2) does not take into account any potential asymmetry (nor its elongation dependence) in the north-south direction (i.e., along the minor axis).
With regard to the former, we show in Figure 9 the x-(left panel) and y-coordinates (right panel) of the midpoint of the major axis of each contour on each calibration roll set (i.e., X j k 0, and Y j k 0, as given by Equation (1), with j=1K7, k=1K16). The measurements are plotted as a function of the length (in degrees elongation) of the semimajor axis. We note the following:
(1) The x-coordinates X j k 0, derived from each roll follow a similar trend with two exceptions, namely the two sets plotted in red. The set in red exhibiting the highest longitudinal offsets was derived from the calibration roll taken on 2008 January 03. Interestingly, the frame at roll angle near 0°on this day was taken after the frame near roll angle 180°(in all other cases, the frame at roll angle near 0°is the first of the sequence). The other set in red was derived from the calibration roll taken on 2012 September 18. On that day, the Milky Way was clearly visible close to the outer part of the frame taken at the S/C roll near 180°. This extended object contaminates the background of the corresponding frame, introducing the undesired effect.
(2) The y-coordinates Y j k 0, of the midpoint of the major axis are grouped into two very distinct groups, with each group characterized by a set of either positive or negative values. To help understand the plausible reason(s) for this behavior, we plot in Figure 10 (1) the average value Y k 0 derived from each calibration roll (left axis, black circles) and (2) the S/C elevation with respect to the ecliptic plane (i.e., the S/C latitude in the HAE system) at the time of the first frame of the roll (right axis, red circles), both as a function of the average S/C longitude during the time of the roll. We note that the Y k 0 values are either positive or negative depending on which side of the orbit (with respect to the line of nodes of the dust cloud) the S/C is observing. (The locations of the nodes of the dust cloud surface, as derived in Paper II from measurements in the elongation range   > >  | | 24 1 3, are marked in the figure with the vertical dashed lines.) Note also that there is an apparent anticorrelation (save for a phase shift) with the S/C latitude.
In Section 4.2.1, we elaborate and discuss in detail these two results. At this point, however, it is important to mention that Figure 10 seems to indicate that there exists some intensity imbalance between the northern and southern hemispheres. This implication is further supported by the distinctive pattern of the green and blue data points in the plot in Figure 8 (i.e., the slopes normalized by the corresponding y-intercepts as determined from the intensity profiles along the minor axis for both the south and north directions, respectively). Note, in particular, the inversion of the normalized parameter with respect to the S/C latitude between the two halves of the orbit (as delimited by the line of nodes).
Since the calibration rolls allow us to investigate any potential north-south asymmetry, we analyze the y-coordinate of the intersection of the minor axis with each isocontour level (i.e., the latitudinal extent of the isocontours along the north-south direction, hereafterỹ j m k , ). In Figure 11 (left panel), we display the midpoints of the minor axes derived from each roll, which we define as
We note that there is indeed a north-south asymmetry, which becomes more pronounced at larger elongations, with the sign of the imbalance depending upon the location of the S/C with respect to the line of nodes. To facilitate the discussion, which we give in Section 4.2.1, we display in the right panel of Figure 11 (1) the mean value ofỸ j k 0, for each roll (scale on the left axis, black circles) and (2) the S/C elevation with respect to the ecliptic plane at the time of the first frame of the roll (scale on the right axis, red circles), both as a function of the average S/C longitude during the time of the roll. In this case, there is a marked anticorrelation between the two sets when the phase difference (∼53°) is accounted for (Pearson correlation coefficient: −0.9). Koutchmy & Lamy (1985) defined the flattening index of the
Flattening Index
, where R eq is the length of the semimajor axis (along the equatorial direction), and R pol is the length of the semiminor axis (along the polar direction). To avoid confusion with the already established nomenclature in Paper I, II, and this work, where the symbol ò was/is used to denote elongation, hereafter we will refer to the flattening index simply as f.
Given the characteristics of the F-corona models derived from the calibration rolls, we use here an equivalent measure of f, which is less prone to a systematic error that could arise from considering only one hemisphere. In this way, for each isophote, we define f as
where R j M k , and R j m k , are the lengths of the major and minor axes of the isophote j in the roll set k, respectively ( = = ¼ k j 1 .. 16, 1 7; see Section 2.1). k as a function of the length (in degrees elongation) of the semimajor axis (with the x-axis in logarithmic scale). The straight, continuous blue line is a bootstrap (200 samples), robust linear fit to the data points f k j (depicted with black circles) in which we consider there are errors (unknown in magnitude, hence the bootstrapping) in both x (elongation) and y (flattening index) directions, extrapolated to the y-zero crossing, which occurs at ò=0°.24±0°. 01. The dashed, blue lines delineate the 1σ band of the fit. The error in both directions is estimated by calculating the bisector of both x versus y and y versus x regressions (i.e., we do not give preference to x or y as an independent variable). For discussion purposes, we overplot in the figure a couple of robust polynomial fittings to the data (second degree in green and third degree in red). The display of both curves is restricted to the elongation range covered by the HI-1 instrument.
In the right panel of Figure 12 , we show f j k (black circles) and the resulting three fittings in a linear x-axis; the polynomial fittings are now extrapolated to the y-zero crossing (same color code as in the left panel of the figure) . We note that in the elongation range covered by the HI-1 instrument (4°<ò<24°) both the second-and third-degree polynomial fittings match and are indeed within the 1σ band of the linear fit. However, for ò<3°, the second-degree fit clearly departs from the expected behavior; see, e.g., Figure 8 in Saito et al. (1977) or Figure 2 in Koutchmy & Lamy (1985) . On the other hand, both the linear and third-degree fittings clearly show that there could exist an abrupt change of the flattening at heliocentric distances smaller than those of the HI-1 instrument. Saito et al. (1977) measured the flattening f S of the F-corona in the elongation range between 2 and 6 R e using the expression = -f R R 1 S pol eq . Their results (see Figure 8 in Saito et al. 1977) show that the evolution of the flattening index exhibits some nonlinearity, but at about 1.9 R e (∼0°.5), it becomes 0 (∼0.1 at about 4.5 R e or ∼1°.2). The definitions of the flattening index f used in this work (as well as in Koutchmy & Lamy 1985) and theirs are related by = -( ) f f f 1 S S . Thus, at 1.9 R e , f is 0, and at 4.5 R e , it is 0.11. Therefore, between the inner limit of the ST-A/HI-1 observations shown in this work, 5°down to the Saito et al. (1977) measurement of a flattening of 0 at 0°. 5 elongation (i.e., where the F-corona would be circular), the flattening index f shown in Figure 12 (right panel) must be indeed changing rapidly (see also Section 3.2.4).
Overall Shape of the F-corona
The flattening index is an index widely used to quantify the oblateness of an ellipse. However, its definition only involves the lengths of the semimajor and semiminor axes and hence does not impose any constraint on the curvature of the shape. Therefore, the flattening index alone is not sufficient to characterize the shape of the F-corona. A quick look at the isocontours in Figure 2 clearly shows that the F-corona shape resembles, to first approximation, that of a superellipse 3 with 1<n<2 (see, e.g., Gridgeman 1970) . Figure 2 we fit a superellipse in its most general form:
a a a a where [ ] x y , 0 0 denotes the coordinates of the center of the superellipse; a and b are the lengths of the semimajor and semiminor axes, respectively; α accounts for the inclination with respect to the horizontal (equatorial) plane; and n is the exponent that defines the overall shape of the curve. Note that the set of the six free parameters of the model (i.e., x 0 , y 0 , a, b, α, and n) will depend upon the contour number ( j) and the calibration roll set (k). (For simplicity, we have suppressed the indexes j and k in Equation (4)). The fits are calculated with a customized version of the IDL Solarsoft routine "mpfitellipse. pro" (this routine does not account for n as a free parameter), which is a wrapper of the "mpfit.pro" Solarsoft routine (Markwardt 2009) . For illustration purposes, we plot in Figure 13 the seven contours analyzed on the calibration roll taken on 2009 March 10 (black curves) with the corresponding fits superimposed in red color.
Before attributing scientific usefulness to the resulting values of the free parameter n, first we have to assess the goodness of the models. To such aim, we (1) test the goodness of the fittings and (2) compare some of the free parameters of the derived models (i.e., parameters obtained with a holistic approach) with those obtained with the methodology described in Section 2.1 (i.e., obtained with an atomistic approach) and presented in Sections 3.2.2 and 3.2.3. In Figure 14 , we summarize (1) the goodness of each individual fitting (panel (a)); (2) the value of the fittings parameters that define (i) the length of both the semimajor (i.e., a) and the semiminor (i.e., b) axes (panels (b) and (c)) and (ii) the The goodness of each individual fit (panel (a) in Figure 14 ) is evaluated by computing the total of the squared deviations per degree of freedom ν 4 (i.e., the reduced χ 2 statistic assuming the individual variances to be equal to 1; hereafter c n 2 ). For the sake of clarity, the set of statistics c nj 2 (j=1K7) corresponding to each calibration roll set k (k=1K16) is shifted in -´´-( ) k 1 0.03 10 2 units with respect to the roll k=1 (2007 February 20) . Note that in general the fits of the four innermost contours are on average better than the fit for the three outermost contours. We conjecture that this is due to the finite (non-zero) time difference between the frames at opposite roll angles (see Section 4.2.1). . 4 The degree of freedom (ν) equals the number of a measurements in the given contour minus the number of fitted parameters.
In panel (b) of Figure 14 , we observe that the two estimations of the lengths of the semimajor axis are in apparent good agreement (assessment based on an offset of 0°, with a percentage relative variation of about 0.5%), and in panel (c), we note that for the length of the semiminor axis, the two estimations exhibit a slight systematic bias of about 0°. 02, with a 2% relative variation. On the other hand, the scatter plot in panel (d) does show a large relative variation (of the order of 40%), which indicates that the X-center of the modeled superellipse is underestimated by about 40% (note that although a relatively large variation, it amounts to less than 0°. 2, i.e., <1 R e , in the worst case scenario). Moreover, this scatter plot exhibits a much larger dispersion than the cases represented in the other panels of Figure 14 . At this point, it is worth highlighting that the measurements represented in the X-axis of the plot in panel (d) correspond to the midpoint of the major axis (Equation (1); right panel of Figure 9 ) and hence do not necessarily match the center, in a geometrical sense, of the corresponding isocontour. This assessment is further supported by the measurements of the midpoints of the set of semiminor axes (Equation (3); right panel of Figure 11 ). With regard to the latter, the scatter plot (and the corresponding regression model) displayed in panel (e) shows that there is good agreement between the free parameter y 0 estimated from the fitting and the corresponding midpoint of the north-south axis as derived with the atomistic approach. Finally, note that the underestimation of x 0 manifested in the scatter plot in panel (d) leads to a systematic underestimation of the flattening index f of about −0.06 (see panel (f) in Figure 14) . A more detailed discussion on the reasons that lead to the discrepancies just mentioned is addressed in Section 4.2.2.
In Figure 15 , we display the exponent n against the flattening index f, the latter as determined with (1) the superellipse fitting (black circles) and (2) the atomistic approach. The blue circle on n=2 is an "ad hoc" measurement added to constrain the fitting of an ad hoc model. The model chosen, depicted in green color, is a third-degree polynomial function. The choice of this function follows from the fact that it is the polynomial of lowest degree with at least one inflection point, the existence of an inflection point being a necessary condition for the functional form of the model to fit both the ad hoc measurement and ours. Saito et al. (1977) state that below about 2 R e , the F-corona is circularly symmetric, and it becomes more oblate above that height. We interpret their assertion to mean that below those heliocentric distances, the major and minor axes are equal ( f = 0) and that the superelliptic exponent n is exactly 2, hence the added measurement in the plot. This result and its implications will be discussed in Section 4.2.2
Discussion
We have analyzed observational models of the white-light F-corona between 5°and 24°elongation as observed (1) Table 1 . Panel (a): reduced chi-squared χ ν 2 (for visualization purposes, the χ ν 2 values of each roll set are shifted in 0.03 units from one other). Panels (b)-(f): scatter plots of the (1) length of the semimajor axis, (2) length of the semiminor axis, (3) longitude of the midpoint of the major axis, (4) latitude of the midpoint of the minor axis, and (5) flattening index, respectively. The x-axis corresponds to the estimation of the respective parameters via the atomistic approach and the y-axis to the derivation using the holistic approach (superellipse fitting). The inset labels indicate the values of the parameters of the corresponding linear regression models (depicted on each plot with the red line). For details, see the text. density and a factor related to the efficiency of the scattering at each scattering angle.
5 This makes it difficult to easily correlate the fractional contribution of the dust distribution along the line of sight to the observed brightness. And since the principal objective of this paper is to fill the gap in the study of the properties of the white-light F-corona between about 0.1 and 0.45 au from systematic observations near 1 au (and hence merge with Helios findings), we refrain from interpreting our results in the context of any particular model of the actual radial dust distribution.
In the following, we will put our findings in perspective with previous works, discuss their interpretation, elaborate on the lessons learned, and examine their significance for the observations of the white-light imagers on board the upcoming PSP and SO missions.
Analysis of the Weekly Models
Our weekly background models for ST-A/HI-1 sample the photometric axis of the F-corona on the eastern side of the Sun between 5°and 24°elongation from about 120 vantage locations along a given STEREO-A orbit (an effective three-day cadence).
In Section 3.1.1, we have considered the 6+ ST-A orbits as a unique data set to analyze the intensity profile of the photometric axis as a function of the location of S/C along its orbit. Briefly, we found that in the elongation range studied, the intensity profile can be approximated, to first order, by a power-law functional form regardless of the viewing direction when the observer's location is within ±0°.13 of the ecliptic plane. To characterize each individual intensity profile, we therefore fitted a linear model to the -log log 10 10 representation of each instance of intensity versus elongation. We found that the free parameters of the models (slopes m i and y-intercepts b i ) evolve as the S/C moves along the orbit (see the top row of Figure 5 ). To assess our assumption of linearity, we also fit the data using restricted elongation ranges (bottom row of Figure 5 ) and found that the overall evolution of the free parameters in these cases follows a similar trend to that in the non-restricted case. However, at any given S/C location, we found that there exists a systematic change of the average value of the respective parameter. A simple interpretation of this result implies that the radial density distribution of dust particles does not necessarily follow an exact power law in the whole extent of the elongation range studied, but it can be better approximated with the sum of several power laws.
Moreover, along with any potential departure from a smooth radial dust distribution (e.g., due to the presence of localized dust density depletions/enhancements, compositional change, etc.; e.g., Mann et al. 2004 and references therein), the different conditions of forward scattering in the elongation range studied will cause the observed F-coronal brightness profile to have a varying slope, depending upon the elongation range considered ). The bottom-left panel of Figure 5 shows that the averaged slope values over a full orbit do indeed change when the modeling of the brightness profile is carried out in restricted elongation ranges.
A close inspection of these results shows that the evolution of the slopes as a function of the observer's location along its orbit exhibits differences in the relative strength of the features that define their behavior depending upon the elongation range considered. For instance, at large elongations (green curve), their evolution resembles the behavior revealed by considering the entire elongation range (top-left panel) in spite of the different average slope values. At intermediate elongation ranges (blue curve), their evolution is smoother (e.g., the uptick near the descending node is smaller), and it is even smoother at the shortest elongation range (red curve), although still exhibiting in both cases a similar qualitative behavior. In other words, the overall trend is that the shorter the elongation, the smoother the parameter's evolution (Milky Way effect disregarded). Ragot & Kahler (2003) showed that (1) the magnetic field in the quiet solar wind produces a very efficient scattering of the small dust grains in latitude, hence resulting in a more uniform distribution in latitude of small grains, and (2) a large contribution to the optical F-corona brightness at small elongations is due to small dust grains, which should be located closer to the Sun than to the observer. The observed smoother slope's progression at shorter elongations is consistent with their findings.
The plots in Figure 5 also show that:
(1) For any S/C location, the distribution of either parameter exhibits a certain spread (of about 0.02 units on either parameter), the spread being similar for all parts of the orbit. This is the result of having considered the 6+ orbits of ST-A to be a unique set (an analysis of a potential secular variation is carried out in Section 4.1.2.) (2) There exists an uptick in the slopes' (discontinuity in the y-intercepts') distribution near the location of the descending node (a similar effect occurs near the ascending node; however, its analysis was excluded due to the contamination of the models produced by the transit of the Milky Way-see Section 3.1.1). When the S/C is along (or near) the line of nodes, the line-of-sight integration involves a path along (or very close to) the surface of maximum dust density. At any other location, Figure 15 . Superellipse index n as a function of the flattening index f derived with the (1) manual (atomistic) approach (red dots) and (2) the superllipse fitting (holistic method, black dots). The green curves delineate the third-degree robust polynomial fitting to the respective data including, in both cases, the Saito et al. (1977) estimation for  f 0 (blue dot).
the line of sight only crosses this maximum density surface. Therefore, the observed effect is a result of the observer's location with respect to the shape, inclination, and orientation of the dust cloud. The discontinuity in the y-intercepts was attributed to an offset of the center of symmetry of the dust cloud (as projected in a plane perpendicular to the line of nodes), which we estimated to be about −0°.11 on average. The negative sign means that the offset is in the direction toward the left of the line of nodes. In Paper II, we inferred by geometrical considerations an offset of about −0°. 13 along the same direction, i.e., a comparable value. Hence, the offset value obtained in this paper supports our finding in Paper II that the average shift of the center of symmetry of the dust cloud (as determined from observations of the white-light Fcorona between 5°and 24°elongation) is consistent with the average direction of Jupiter during the time studied (see also Section 4.1.2). (3) The exact location of the uptick/discontinuities referenced in (2) for the restricted elongation cases (bottom row) slightly shifts toward higher longitudes for lines of sight closer to the Sun (i.e., the departure from the node increases with elongation). If the uptick/discontinuities are due to the observer being at the line of nodes, this result is in apparent contradiction with that conjecture, as well as with our results in Paper II.
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One shortcoming of the methodology employed to determine the two free parameters of the power law (robust least-squares fitting) is that it does not impose any constraint on the orthonormality of the parameters, and hence there exists some interdependence between them. This makes it difficult to draw an unbiased interpretation of the influence of the point of view on the intensity observed. To circumvent this limitation, we reduced the two free parameters to just one ( = R m b i i i ). In this new space, the intensity profile of the photometric axis of the F-corona undergoes a clear evolution as the S/C orbits the Sun (see the top and bottom-right panels of Figure 5 ). In particular, the upticks/discontinuities mentioned in (2) translate into a sudden change of the overall trend, which occurs at the exact location of the node regardless of the elongation range considered to obtain the power law. This strongly supports our assessment that the observed effect is the result of the observer's location when along the line of nodes of the surface of symmetry of the dust cloud (an edge-on view of the dust cloud). We also note that for the   > >  | | 24 1 4 case (green dots), there is a clear departure from the trend observed for the other cases between 0°and 90°longitude. This unambiguously shows the contaminating effect of the remnant signal of the Milky Way in the elongation range where the signal-to-noise ratio is smaller (outer half of the ST-A/HI-1 FOV).
In brief, our analyses revealed that the behavior of the slope is (1) consistent over the 6+ years analyzed and (2) highly dependent on both the ecliptic longitude of the observer (i.e., the observer's location with respect to the line of nodes; see the upper-left panel of Figure 5 ) and the exact elongation range analyzed (bottom-left panel of Figure 5 ). In particular, the slope near the line of nodes from our current results is about −2.31 if the elongation range
24 is considered as a whole.
Otherwise, it varies between about −2.19 and −2.38 depending upon the elongation range considered. From the trend observed in the plot in the bottom-left panel of Figure 5 , it is interesting to note that for the observer at 90°from the orbital nodes of the dust cloud, the slope is about −2.25 when computed in the outermost elongation range (green dots).
There are very few studies of the intensity of the white-light F-corona in the elongation range analyzed in this work. For instance, Leinert et al. (1981) found from the Helios/ZLP observations an average slope of −2.30 ± 0.05, which agrees with our average slope of −2.33 ± 0.02 over the full time period analyzed. It is interesting to note that they did not find a variation of the slope with the observer's radial distance to the Sun (the Helios S/C orbit varied between 0.3 and 1 au). Koutchmy & Lamy (1985) presented a model synthesizing prior observations. Their model for the slope of the intensities along the semimajor axis gave a value of −2.25, in agreement with our measurements restricted to the outermost elongation range when the observer is at about 90°from the nodes. More recently, Hahn et al. (2002) analyzed images of the ZL taken with the Clementine star trackers from 3°to 30°elongation while the S/C was in orbit about the moon. Their findings result from a single, averaged measurement, which was obtained from a mosaic image formed over a six-week period (observations taken between ∼165°to ∼204°ecliptic longitude in the HAE coordinate system; unlike our methodology, their approach reflects the prevailing opinion that the F-corona is constant with respect to the observer's ecliptic longitude). Their log-log brightness plot (Figure 8 of Hahn et al. 2002) reveals both an east-west and a north-south asymmetry, although they only report a single slope value (−2.45 ± 0.05), obtained from the averaged east-west profile of the ecliptic surface brightness. The slope value they found is slightly steeper than ours for the equivalent range of longitudes (−2.34m i −2.33; see topleft panel of Figure 5 ). Close inspection of their plot, however, clearly indicates that the slope of the east brightness profile is less steep than their averaged value, in conformity with our measurements.
In brief, the results presented in Figure 5 reflect the essence of the F-corona. Namely, they reveal the intricate interplay of both the geometry and the radial density distribution of the circumsolar dust cloud with the scattering properties of the dust grains along the different lines of sight covered by the the ST-A/HI-1ʼs FOV.
Significance of the Observer's Viewpoint
As the ST-A S/C moves along its orbit, it changes its elevation with respect to the ecliptic plane by about ±0°.13. With the help of Figure 6 (in addition to Figure 5 , right column), we now explore in detail the impact of the observer's location on the observed intensity profile of the photometric axis of the F-corona. For convenience, hereafter we refer to the part of the orbit from Ω A to Ω D as O A−D (light blue dots), and that from Ω D to Ω A as O D−A (orange dots). The direction of movement of the S/C along the orbit can be deduced from the inset labels marking the landmark longitudes. We note the following:
(1) The evolution of the parameters R i (as a function of both longitude and latitude of the S/C) exhibits comparable values and follows a similar trend when the S/C approaches either node in the range starting at longitudes 37°(for the Ω A approach; orange dots) and 217°(for the Ω D approach; light blue dots). In both cases, the longitude range where the behavior is similar amounts to about 45°. Note that in spite of the detrimental role played by the Milky Way close to Ω A , the above assessment is supported by the distribution of the parameters R i as obtained from their determination in the two innermost restricted elongation ranges (bottom-right panel of Figure 5 ; red and blue dots). (2) On the other hand, when the S/C recedes from either node, the distribution of values both as a function of longitude and latitude is clearly distinct. Even though the excursion of the S/C over the ecliptic plane continues to increase after the respective node passage, the ratios at the northern lobe (O D−A ) continue for a while at about the same value, whereas at the southern lobe (O A−D ), it immediately drops by about 0.5%. Moreover, in Figure 5 , we note that the local minimum values of the distribution are reached near the landmark longitudes 172°and 37°.
The former occurs at about 90°from both Ω D and Ω A (i.e., when the dust cloud is being observed face-on) while the latter is only 45°from Ω A (135°from Ω D ). At this point, we can only conjecture that, perhaps, the delay in the start of the drop in the ratio in the northern lobe also explains the behavior at the face-on view of the cloud. (3) We note also that the values at the minima are also not quite the same, with the northern lobe being about 0.1% higher (less negative). This is an effect of the offset of the center of symmetry of the dust cloud with respect to the Sun's center. The distribution of values in the part of O D−A up to 37°, however, follows a more linear trend than in the part of O A−D up to 217°. This asymmetry is clearly evident in Figure 6 (compare the evolution with latitude of the orange and light blue dots in the longitude ranges delimited by 262°and 37°, and 82°and 217°, respectively).
These observational findings introduce more questions than answers. However, and in spite of the lack of a clear explanation (which we leave to the modelers), the main result here is that the F-corona brightness depends heavily on both the longitude and latitude location of the observer (see also and references therein).
Is There a Secular Variation?
One of the main objectives of this work was to explore the effects of the observer's location on the white-light F-coronal signal, in preparation for the upcoming PSP and SO missions. To such aim, a significant number of measurements were needed, hence the clustering of the observations belonging to different orbits in a unique data set. However, the consistency of the spread observed in the values of the free parameters of the linear models (m i and b i , or R i ) along with their small error (see, e.g., Figure 5 ) led us to question whether the spread was due to just noise or a hint of an underlying secular variation.
We therefore repeated the analysis carried out in Section 3.1, considering each orbit individually. Our first weekly model corresponds to 2007 December 4, the average S/C longitude on that date being 92°. Therefore, for convenience, we defined each orbit with origin at 90°longitude, i.e., a location about 8°p ast Ω A . The whole period analyzed comprised six full orbits and part of another one. This last, not completed orbit was discarded for this analysis. We constructed similar plots to the three plots displayed in the top row of Figure 5 for each individual orbit (not shown here). We noted that the effect of the Milky Way is particularly noticeable in these reduced data sets and hence it introduces too much of an error to draw an unbiased interpretation. Therefore, we concentrated only in the half of the orbit between 90°and 262°longitude (i.e., O A−D ). The distribution of either parameter (i.e., m i , b i , and R i ) in this longitude range for each individual orbit remains similar to the respective distribution observed in Figure 5 . In Table 2 , we report the date of the first weekly model on each orbit, along with the date of the closest approach of the S/C to Ω D and the number of observations within ±2σ from the median value of the R i parameters in O A−D .
To assess whether a systematic variation is present, we display the distribution of the parameters R i for each semiorbital period by means of the box-and-whisker plot shown in Figure 16 (in black, with the scale on the left axis). This exploratory graph, as it is called in descriptive statistics, is useful to show at a glance the spread, skewness, and outliers in the measurements. In particular, the vertical boxes contain the middle 50% of the data (from the first, Q1, to the third, Q3, quartile, i.e., ±0.6745σ). The black circles inside the boxes mark the median values. The whiskers at both ends indicate the smallest and largest measurements within 1.5 times the Figure 16 . Exploratory graph (box-and-whisker plot) to help characterize the temporal variation of the distribution of the parameters R i =m i /b i (scale on the left axis) obtained from the weekly models. The black dots denote the median value of the parameter in any given S/C orbit, the boxes enclose the middle 50% of the data, and the whiskers at both ends indicate the smallest and largest measurements within 1.5 times the interquartile range. The absolute value of the angular distance between the mean longitude of Jupiter during the transit of the S/C along W -A D and the longitude of the perpendicular to the line of nodes is represented by the red dots (scale on the right axis). interquartile range (IQR; 7 i.e., Q1-1.5 IQR and Q3+1.5 IQR, which correspond to −2.698σ and 2.698σ, respectively). The small hollow circles beyond the whiskers point out the outliers.
We note in Figure 16 that the median values (represented by the black circles) follow a well-defined progression. The variation exhibited along the six orbits is, however, very small (it amounts to less than 0.1%). Buffington et al. (2016) found (by modeling white-light observations of the SMEI instrument between 2003 and 2011) no secular trend, but suggested that if a secular trend existed it should be no greater than their uncertainties of 0.3%.
In Figure 16 , we overplotted in red (with its scale on the right axis) the absolute value of the angular distance between the mean longitude of Jupiter 8 during the transit of the S/C along O A−D and the longitude of the direction perpendicular to the line of nodes (∼352°). The observed progression of the median values is in the opposite sense to the progression of the latter. In Section 3.1.1 ,we had found that the symmetry center is displaced in the direction of the average location of Jupiter during the epoch studied (in agreement with the corresponding result in Paper II). The box-and-whisker plot helps us refine that result. Jupiter has an orbital period of 11.862 years, so that in the time comprising the six STEREO orbits (almost six years), Jupiter has moved almost halfway through its orbit (∼153°in longitude). In particular, when Jupiter is closest to the perpendicular to the line of nodes, the median value of the parameter R i is at a maximum, and when Jupiter is closest to an alignment with the line of nodes, the median value of R i is at a minimum. In brief, the correlated evolution of the two averaged descriptors represented in Figure 16 points to a secular influence of Jupiter on the circumsolar dust.
From the above discussion, we can infer that the distribution of the dust particles are affected by a gravitational perturbation, which introduces a secular variation in the brightness of the F-corona. To first approximation, we attributed the cause of this perturbation to the gravitational attraction exerted by Jupiter on the dust cloud. In the following, we make an attempt to better characterize the origin of this perturbation. In the left panel of Figure 17 , we plot the time evolution of the parameters R i (black circles). The blue vertical dashed lines delimit the time extent of the six orbits analyzed above, while the red dotted lines point to the ending time of each half-orbit O A−D (as defined in Table 2 ). The red segments on each half-orbit section depict the median values represented in Figure 16 . The green continuous line delineates a second-degree, robust (i.e., outlierresistant) polynomial fitting to the whole data set (6+ orbits), i.e., a model of the trend. The model again reveals a clear, perhaps very subtle, progression uncovering in a different way the existence of a long-term secular variation.
The SPICE 9 toolkit can be used to obtain the time evolution of the solar system barycenter. In the right panel of Figure 17 , we plot in green the evolution of the model of the trend (green curve in the left panel) as a function of the projection of the barycenter of the solar system onto the x-axis of the HAE coordinate system (in units of solar radii). The arrows indicate the direction of time. The evolution of the model is characterized by two branches, each evolving monotonically (i.e., the derivative of each branch does not change sign) with the location of the projected barycenter. We note, however, that the evolution of the two branches is not exactly the same. But, if instead we plot the trend model as a function of the projection of the barycenter of the solar system onto the line perpendicular to the line of nodes on the ecliptic plane (red curve), we see that the two branches match very well (the two portions of the red curve are superposed on each other). In other words, the modulation observed appears to be in phase with the projected location of the barycenter along the axis perpendicular to the line of nodes.
This result suggests that the intensity profile of the photometric axis of the F-corona between at least 5°and 24°e longation would be subjected to a secular modulation exerted by the gravitational attraction of the solar system as a whole (not just Jupiter alone).
On the Analysis of the Calibration Roll Sets
The ST-A/HI-1 calibration roll sets together with the technique we developed to determine the background intensity in heliospheric images (Paper I) enabled the creation of 360°F Figure 16 ). The curve in green delineates the second-degree robust polynomial fitting to the data, which we use to model the secular variation hidden in the data. Right panel: evolution of the secular variation model with respect to the barycenter of the solar system as projected onto (1) the x-axis of the HAE coordinate system (green curve) and (2) the line perpendicular to the line of nodes on the ecliptic plane (red curve). The black arrows indicate the direction of time (the labels 0 and 1 mark the beginning and ending, respectively, of the respective time series). models of the F-corona between 4°and 24°elongation from different viewpoints. Since the determination of the intensity background of each individual frame in each calibration roll set is subject to more contamination by the galactic plane, planets, etc., than the weekly F-corona models created in Paper II (see Section 3.2.1), we determined the N-S and E-W photometric axes by analyzing a limited set of isocontours on each F-corona model assuming the axes to be linear in shape (Section 2.1). In Paper II, we found that the projection of the surface of symmetry of the dust cloud in a plane perpendicular to the line of nodes (i.e., the photometric axis along the E-W direction) adopts a quasilinear shape only for  >  | | 13 , exhibiting a clear warping at shorter elongations. Our assumption of linearity for the shape of the photometric axes of the F-corona models derived from the calibration rolls is in apparent contradiction to our previous finding, in particular for the E-W axis. The reader must note, however, that none of the calibration rolls were taken from a location along the line of nodes. This different viewing perspective offered by the timing of the roll sets implies that the resulting E-W photometric axes do not result from the projection of the surface of symmetry but from something difficult to disentangle. This makes the interpretation of the F-coronal signal not straightforward and hence precludes any generalization of previous findings.
Moreover, the 360°view of the F-corona derived from the calibration rolls results from the build-up of frames taken 20 minutes apart, which translates into a slightly different viewing perspective for each of the images during the 160 minute duration of the full roll (during this time, the S/C moves about 0°. 1 in longitude along its orbit). This introduces another complication into the interpretation of the signal observed and must be accounted for in the analysis of the results.
In Section 3.2.1, we found that the intensity profile along the four cardinal directions can be approximated by a power law. The coefficients of the power law unambiguously indicate that the intensity profile along the E-W direction is, overall, distinct from that in the N-S direction (see Figure 7) . In particular, the intensity gradient along the eastern direction (negative elongations) is apparently slightly less steep than that on the western side (positive elongations) regardless of the observer's point of view, as inferred from the 2σ resistant mean of the slopes for the negative (−2.340) and positive (−2.358) elongations, respectively (similar mean values of the y-intercepts of about 2.4). This asymmetry translates into an offset of the midpoint of the E-W axis of the models biased toward negative elongations. Moreover, this offset, as can be seen in the left panel of Figure 9 , depends upon the elongation extent of the contour. Both effects result from the time lag between the calibration roll frames taken near 0°and 180°roll angles, which will be discussed in detail in Section 4.2.1.
On the other hand, the intensity profile along the N-S direction exhibits a more complicated pattern to explain. One peculiar feature is that both the slope and the y-intercept average values depend upon which side of the orbit (as measured from the line of nodes) the S/C is observing from. This is more clearly revealed in Figure 8 , where we plotted the ratio of the slopes to the y-intercepts of the intensity profile models along the northern (red circles) and southern (black circles) directions as a function of the S/C longitude. Moreover, we also see in this plot that within a given semiaxis, the normalized slopes that define the power-law intensity profile seem to be modulated as a function of the longitude of the S/C in its orbit. These two effects arise from the observer's viewpoint with respect to the orientation of the plane of symmetry of the dust cloud. Briefly, in Paper II, we found that the plane of symmetry of the dust cloud for elongations between 13°and 24°is inclined by about 4°with respect to the plane of the ecliptic and that the longitude of the ascending node is at about 80°longitude in the HAE system. Therefore, when the S/C transits the part of the orbit between 80°and 260°longitude, the northern lobe of the dust cloud will appear closer to the observer and hence will be brighter than the southern lobe. Similarly, during the opposite part of the orbit (i.e., between 260°and 80°longitude), the southern lobe will be closer to the observer, and hence, it will appear brighter than the northern lobe. In both cases, the mean value of the slope of the intensities corresponding to the lobe closer to the observer is about −2.472 (see the right panel of Figure 7 ). This averaged value is in agreement with the slope value derived from the Koutchmy & Lamy (1985) model, which reported a slope of −2.47 for the intensities in the polar direction.
How much brighter one lobe appears will depend upon the distance of the S/C to the line of nodes (hence the modulation observed). In particular, if measured from the line of nodes, one would expect to observe similar intensity profiles (up to a constant offset) along the two polar directions. An offset value different from 0 would point to an inherent N-S asymmetry of the dust cloud. Since we do not have calibration rolls at the longitude of the nodes, we can only assess this assumption qualitatively. Both the intensity asymmetry observed and its modulation as a function of the observer's viewpoint render the resulting latitudinal offset pattern of the midpoint of the N-S axis observed in Figure 11 . In particular, the right panel of the figure shows that at about the longitude of the nodes (i.e., about 82°and 262°longitude), the average offset of the midpoint of the N-S axis is close to 0°(as inferred from the sinusoidal extrapolation of the data), thereby supporting the above assumption.
How a Tiny Change of the Point of View Spoils the Observations
The motion of the S/C during the calibration rolls creates a parallax-like effect for the pair of images that are 180°apart in roll, the effect being clearly noticeable in the east-west direction. Even though the angle of motion in longitude is small (of the order of 0°.1), it is not insignificant. It is this slight parallax-like effect that explains the odd behavior of the equatorial midpoints shown in the left panel of Figure 9 .
The parallax-like effect is the result of the way we assemble the eight individual images into a single, mosaic image of the eight individual ones. Briefly, the World Coordinates System routines (WCS) of Solarsoft (Thompson & Wei 2010) map the images into the correct position in the mosaic image using the absolute coordinates of the instantaneous S/C position. The location of the S/C at the time of the initial image determines the absolute coordinate system for the mosaic image.
The spacecraft moves counterclockwise in its orbit, and thus, it moves toward increasing longitudes. Hence, the viewpoint of any subsequent image is moved slightly to the right in our mosaic image compared to the first image. This means that the plane perpendicular to the line of sight to the Sun is tilted with respect to that of the original image. In this way, the west limb appears behind the west limb of the original image, and the east limb in front of the original east limb. The WCS software computes the new pixel locations by forming the projection of the new plane onto the old plane.
As a result, for the cases in which the west limb image is taken after the east limb one, the inner boundary of the image appears closer to the Sun center than it should be. The effect of this is that any given isophote will always be shifted toward the east limb. Thus, the signature of the real offset of the dust cloud with respect to the Sun's center (see, e.g., Paper II and references therein) is not reflected in these roll measurements. In summary, the parallax-like effect overrides the intensity asymmetry that should exist as a result of the offset of the center of the dust cloud when the F-corona is being seen from opposite viewpoints.
On the other hand, for the only case in which the west limb image was taken before the east limb one, the projection causes the east limb point to move further from the Sun. In this case, any given isophote should be displaced to the west (see the red curves in the left panel of Figure 9 ).
Another interesting point is that there is an elongation dependence in the offset of the geometric center of either axis, which in both cases is more pronounced at larger elongations. The functional form of the dependence with elongation is similar in both cases, albeit the bias is toward east for the E-W axis, save for the two outlier cases (compare the left panels of Figures 9 and 11 ). This elongation dependence can also be explained by the parallax-like effect, as the amount of shift between the observed pixel and the projected pixel decreases as the angle between the Sun and the pixel decreases.
On the Shape of the F-corona
In spite of the complications introduced by the nonstationarity of the S/C during the calibration rolls, the set of flattening indexes f computed in Section 3.2.3 provides a useful estimate of both the amount and the evolution in elongation of the flattening of the F-corona in the N-S direction. However, the flattening index alone does not reveal enough information to characterize the shape of the 360°contours. Therefore, to fully describe the geometry of the isophotes, generalized superellipses (Equation (4)) were fit to each contour (see, e.g., Figure 13 ) using the Solarsoft "mpfit" routine via a customized version of the wrapper routine "mpfitellipse" (modified to freely vary the index n). The superelliptic index 1n2, in particular, gives a measure of the shape of the isocontours (a value n = 1 indicates a diamond-shaped contour, while n = 2 indicates a true ellipse).
In contrast to n, the parameters a, b, x 0 , and y 0 of the fitting functions have analogues in values calculated with the atomistic approach given in Section 3.1. As shown in Figure 14 , there exist systematic differences between the geometric parameters derived through the atomistic and holistic (regression) techniques. To elaborate on the causes of the differences between the parameters derived by the two methods, we will begin discussing the goodness of fit achieved by the regressions, as measured by the reduced c 2 statistic, c n 2 (see panel (a) in Figure 14) . First, note that c n  1 2 for all data sets, suggesting good agreement between the data and the model. Additionally, the value of c n 2 follows a consistent trend for each calibration roll, displaying a slightly higher value for the outermost three contours than for the innermost four. This is due to the parallax effect discussed in Section 4.2.1; because the parallax effect is more pronounced at higher elongations, the discontinuity it introduces in the outer isophotes is larger than in the inner isophotes (see the E limb of the isophotes shown in Figure 2 for an illustration of this).
From panel (b) in Figure 14 , we find that a 2 and a 1 have a small relative difference of 0.5%, and no (significant) absolute difference. This is primarily due to the effects of the parallax discussed in Section 4.2.1. In the atomistic approach, the positions of the E and W noses are fitted independently, without consideration of the parallax shift between their respective observations. However, the parallax effect causes a noticeable discontinuity in the isophote contours in the east limb, which causes a preferential fitting of the W limb by the holistic fitting algorithm. In effect, this causes a divergence between the observations and the model at the discontinuity, and an underestimation of x j W k , and a as the model estimates where the contour "would" be, without parallax.
On the other hand, panel (c) in Figure 14 shows us that the holistic measure of b is systematically underestimated compared to the atomistic approach. This is due to the increased deviation of the contour from a superellipse toward the north and south poles. Compared to a true superellipse, the isophotes obtained from the calibration rolls are more rounded at the top and bottom, appearing almost elliptical in those regions (compare, e.g., the shape of the black and red contours in the N-S direction for the case illustrated in Figure 13 ). Because of this, they curve farther in than the regressed superellipse at higher (absolute) latitudes, causing the fitted value of b to overestimate the height of the contour. Note that the respective overestimate of a and underestimate of b by the fitting procedure combine to create a systematic underestimate for the
, as seen in panel (f) of Figure 14 . Likewise, the discrepancy between the estimates of x 0 can be explained in terms of the error in a. Most of the rolls were executed with the first image being the east limb and the last image being the southeast image. The cumulative parallax effect introduces a noticeable discontinuity at the confluence of the isophotes of the first image and those of the last image. This discontinuity causes the east limb fitting to be slightly in error. Therefore, since the E limb of the contours are distorted by the parallax effect (especially at large elongations), the fitting algorithm tends to preferentially fit the data in the W limb. This results in good agreement between the x-coordinates of the western nose for the contour and fit (i.e., x j W k , ). To help understand this detrimental effect, we may define the parameters a and x 0 in terms of the contour nose coordinates as follows (the indices j, k have been suppressed for simplicity):
. A straightforward manipulation of these expressions yields = -x x a W 0 . If we assume, as noted above, that x j W , is the same for the observed contour and its superelliptic fit, then we see that the absolute error in x 0 is the same as for a. However, because
, a small relative error in a can lead to a large relative error in x 0 .
The error in y 0 arises from the geometrical relation between x 0 , y 0 , and the tilt angle, α. The center point [ ] x y , 0 0 of the superellipse is constrained to be on the line connecting (approximately) the E and W noses of the corresponding F-corona isocontour, tilted at an angle α to the horizontal. Therefore, a systematic shift in the value of x 0 will produce a corresponding shift in y 0 obeying the relation a D D = y x sin 0 0
. Taking the value of α to be its peak value of a »  4 max (0.07 radians), we find that a 40% relative error in the estimation of x 0 produces a variation in y of about 3%, in agreement with the plot in panel (e) of Figure 14 . Lastly, we shall discuss the inherent limitations of the superelliptic approximation to F-coronal isophotes. While the general shape of a given isophote is well described by a superellipse with 1n2 (i.e., that of a rounded diamond), this is most likely due to the versatility of the superellipse as a modeling function than any intrinsic property of the circumsolar dust distribution. In particular, the discrepancy between the observations and models appears largest at the N-S noses of the contours, which exhibit greater rounding than a true (i.e., constant n) superellipse (a similar, although less dramatic, effect can be seen at the tips of the E-W noses of the contours as well, which appear slightly blunted compared to the model). This complicates the use of superellipse curves to model the geometry of the F-corona over wide latitude ranges.
To conclude this narrative, we elaborate on the results plotted in Figure 15 , which has already been introduced in Section 3.2.4. Note that, as the flattening index decreases with elongation, n increases (i.e., the isophotes take on more rounded appearances with lower ellipticity as we look closer to the Sun). Further, the co-variation of the two measurements appears such that the contours should approach a circular appearance well below the ST-A/HI-1 FOV (that is,  n 2 as  f 0). If we put confidence in the model (delineated by the continuous green curve), there exists a region with a rather constant n. From visual inspection, this occurs for ∼0.3>f>∼0.5 (i.e., about ±0.1 from the inflection point at f=0.4). The f values in this range correspond to the elongation range between about 7°and 1°. 5 if considering the third-degree polynomial fitting to the data in Figure 12 (red curve). As shown in Paper II, at heliocentric distances corresponding to about 12°elongation, both Lorentz and Poynting-Robertson-like forces would start to become significant, their relative strength compared to gravity increasing as the dust particles approach the Sun (the effect becomes rather abrupt in the region between ∼8°and ∼5°elongation). If we accept as valid an extrapolation of this result below 5°e longation, we can conjecture that the relative strength of the Lorentz force compared to the photogravitational force (gravitational attraction reduced by radiation pressure forces; Krivov et al. 1998 ) could be causing the superelliptic index n (a proxy of the shape of the F-corona) to evolve much more slowly in the region between 7°and 1°.5 elongation (from n;1.65 to n;1.63). According to the model, below 1°.5 deg elongation, the shape of the white-light F-corona would start again to change abruptly, becoming more and more circular, as inferred from the rapid increase of the superelliptic index n toward 2 at  f 0. A null value of the flattening index would occur at ò=0°.5 (2 R e ; from the extrapolation of the thirddegree polynomial model in Figure 12 ), in agreement with Saito et al. (1977) .
Summary
In this work, we have analyzed the elongation dependence and time evolution of the brightness profile of the photometric axis of the white-light F-corona between 5°and 24°elongation. Our results from the ST-A/HI-1 weekly background models showed that the radial gradient of the F-corona brightness along its photometric axis in the elongation range studied does not exhibit any noticeable inflection(s). In other words, within the observational constraints of this work, we found no evidence for dust evaporation in the elongation range comprised by the STEREO HI-1 instrument (we are anticipating that such dust evaporation could be observed from the PSP and SO orbits). In particular, we found that a power-law fit (with different exponents at different longitudes, ranging between −2.31 and −2.35) is a good approximation to the radial intensity gradient of the photometric axis. We did find, however, that in smaller (piecewise) elongation ranges, the best fits show a trend in both coefficients of the power law with heliocentric distance. A more detailed study, which is beyond the scope of the present work, could find a more complex function to model the brightness fall-off (for instance, a linear combination of power laws) and hence help better characterize the brightness' radial dependence.
The averaged values of the proportionality constant of the power law exhibit a clear difference between the two halves of the orbit delimited by the line of nodes. This brightness asymmetry is a signature of the offset of the center of symmetry of the dust cloud with respect to the Sun's center. The offset derived (∼0.4 R e ) points toward the average location of Jupiter during the 6+years analyzed (as seen from ST-A, Jupiter was always on the eastern side of the Sun in this time period, moving from ∼269°to 76°longitude), in agreement with our result in Paper II. Furthermore, a detailed study of the temporal variation of the ratio of the power-law coefficients revealed that in fact there exists a secular variation of the brightness of the photometric axis of the white-light F-corona, embedded in the larger variation observed in the transit of the S/C along its orbit around the Sun. According to our empirical model, the resulting, very subtle, brightness modulation is in phase with the projected location of the barycenter of the solar system onto a line perpendicular to the line of nodes on the ecliptic plane. The association between this secular variation and the solar system barycenter's phase reflects the influence of the combined gravitational force exerted by the solar system's major planets on the distribution of the circumsolar dust.
In addition to studying the weekly backgrounds of the ST-A/HI-1, we constructed simulated 360°panoramas of the F-corona by combining the ST-A/HI-1 images taken during 16 STEREO calibration rolls. From these sets, we found that the radial gradient of the F-corona along the N-S direction also follows a power law, with the exponent ranging from about −2.45 to −2.53. An unforeseen complication was the introduction of a parallax-like east-west asymmetry in the composite images caused by the displacement of the S/C during the ∼3 hr duration of the calibration rolls. In spite of this complication, the overall results derived from the calibration rolls are in agreement with those derived from the weekly models (the exception is the determination of the center of symmetry of the F-corona, which is greatly affected by the artificial brightness asymmetry introduced by the S/C translation during the rolls). This demonstrates that the background determination technique we developed in Paper I is suitable for the white-light imagers of the upcoming PSP and SO missions, for which the spacecraft orbits will have relatively rapidly varying heliocentric distances.
Furthermore, we characterized the shape of the 360°F -corona models by fitting superellipses to each contour. Together, the flattening index f and the superelliptic index n describe the global geometry of the F-corona (with f describing the aspect ratio of the corona and n describing its curvature; a value  n 1 corresponds to a diamond-like curve, while
